Abstract-Seawater conductivity is an important factor that affects the corrosion electric field of ship. A three-dimensional boundary element method (3D-BEM) combined with nonlinear polarization curve was employed to investigate the influence of seawater conductivity on the corrosion electrostatic field. Numerical simulation results show that the electric field distribution is only slightly influenced by the conductivity. However, the intensity decreases with the increases of conductivity. The simulation results of the BEM model were compared with the results of the equivalent electric dipole model, and the results obtained by the two methods had high similarity, which demonstrated that the BEM model was effective. The former is a more convenient and concise modeling method that can better reflect the distribution characteristics of ship's corrosion electric field than the electric dipole model.
INTRODUCTION
The underwater signals (mainly including acoustic, magnetic and electric field) of warships have posed a great threat to their viability [1] . Since the World War II, acoustic signal and magnetic signal have been widely used as underwater signal sources in naval operations [2] , but electric field signals generated by corrosion and anti-corrosion have not been used in the field of underwater detection and positioning. However, with the continuous development of underwater electric field detection technology, corrosion electric field has become the signal source of new mine warfare weapon [3] . In order to improve the survivability of naval vessels, the corrosion electric field must be suppressed or eliminated [4] [5] [6] , and the analysis of the distribution characteristics of corrosion electric field under water is the basis for the above research.
The equivalent electric dipole model of corrosion electric field of ship was established, and the electromagnetic field generated by horizontal and vertical electric dipoles in multilayer medium was analyzed [7, 8] . Furthermore, the effect of environmental factors such as seabed conductivity or seawater conductivity, depth and temperature on underwater electric field was studied [9] [10] [11] . The boundary element method is a method based on the weighted residual method, which converts the boundary value problem into a boundary integral equation problem and then uses the finite element discrete technique to construct linear equations [12] . BEM was applied to anticorrosion research of offshore engineering structures in the early 1980s [13, 14] . Nowadays, it has been widely used in the simulation of cathodic protection system optimization of various marine structural parts such as oil rigs, submarine pipelines and ships [15] [16] [17] . Wu et al. [18] optimized the auxiliary anode position and output current of impressed current cathodic protection (ICCP) by BEM to reduce the corrosion electric field of ship effectively.
Electric dipole moment is mainly obtained through experience and literature when using electric dipole model to simulate the ship's corrosion electric field distribution, it will change significantly when the area and position of damage undergo changes, at this time, it is difficult to accurately obtain the corresponding electric dipole moment that affects the calculation accuracy of corrosion electric field directly. In this paper, the 3-D BEM was employed to establish the corrosion electrostatic field model of submarine, and the nonlinear polarization curve was taken as boundary condition of the model. The influence of seawater conductivity on the corrosion electric field of ship was studied, and the electric field distribution with different seawater conductivity was obtained. The results of the BEM model used in this paper were compared with the simulation results of the equivalent electric dipole model.
BASIC EQUATIONS AND BOUNDARY ELEMENT FORMULATION
The governing equation and boundary conditions for the 3-D corrosion electric field are shown in Fig. 1 [19] . The uniform seawater medium is represented by Ω, and the boundary of the seawater domain is composed of S 1 , S 2 , S 3a and S 3c in the picture. The potential distribution of seawater domain and electrode surface is in accordance with the following Laplace equation and boundary conditions [13] :
where u is the potential of seawater medium and electrode surface; n is the unit outward normal to the surface; q is the normal derivative of potential (intensity of electric field); u 0 and q 0 are the constant values of u and q at the boundaries of S 1 and S 2 , respectively; σ is the seawater conductivity; f a (u a ) and f c (u c ) represent the anodic polarization equation and the cathodic polarization equation, respectively. The equivalent boundary integral equation (1) is:
where u i is the potential at any field point of i in the domain of Ω; c i is a constant, c i = 1/2 when the field point i is on the smooth boundary surface; c i = 1 when the field point i is in the domain of Ω;
c i = 0 when the field point i is outside the domain of Ω; u(ξ) and q(ξ) represent potential and normal derivative of potential at any point on the boundary, respectively; u * (i, ξ) is the basic solution to the three-dimensional static electromagnetic field problem, and its expression is:
where r is the distance between i and ξ. In order to solve the boundary integral Equation (3), the boundary is divided into several units, recording the potential and normal derivative of potential of the nodes as following:
The discrete equation of boundary integral equation can be derived as:
where [H] and [G] are both N × N coefficient matrices, and N is the total number of boundary nodes. The Taylor expansion of the current density i c in any point of cathodic surface atū c by the nonlinear polarization equation is:
Ignoring high-order items, only the first two items are:
or
In the same way,
Using an iterative solution, the iterative equation for the nonlinear boundary corrosion electric field can be derived as:
where 
According to the iterative Equation (11), the solution of (k + 1) −th can be obtained from the solution of k−th. In each iteration calculation, the coefficient matrices of equation are known; therefore, it is only necessary to solve linear equations for each iteration calculation. After the potential distribution of cathode and anode is obtained, the current density distribution is solved by polarization Equation (14) , and the electric field is obtained by Formula (15) .
MODEL AND EXPERIMENTS

Numerical Simulation Model
Geometric model of submarine in Cartesian coordinate system was established by using Solidworks. The coatings of port and starboard are easily damaged when ship dock at the shore; therefore, two damages that total damage rate is 2% were set symmetrically on both sides of the submarine, and the ICCP system of submarine was regarded as a closed state. The boundary element model of corrosion electrostatic field for submarine was established by current distribution interface of the electrochemical corrosion modulus in the COMSOL Multiphysics. Propeller and damage of coating were treated as bare metal immersed in the NaCl solution, while hull and rudder were coated by the organic coating. The solution domain and boundary conditions of the model were set as following: (1) the uniform seawater medium was infinite spatial region, and conductivity is 2.5 S/m, 4 S/m and 5.2 S/m, respectively; (2) the nonlinear polarization curve of copper alloy was set as the boundary condition of propeller; (3) the nonlinear polarization curve of uncoated carbon steel was set as the boundary condition of damage; (4) the nonlinear polarization curve of coated carbon steel was set as the boundary condition of ship hull and rudder. The result of meshing is shown in Fig. 2 , and the number of nodes and triangle elements of boundary are 45973 and 91942, respectively. Finally, the BiCGStab iterative solver is used to solve the model. 
Materials
High strength carbon steel was used for the hull and rudder in the model, and the chemical composition [20] . Different concentrations of NaCl solution were prepared to simulate the homogeneous seawater medium, and the conductivity was adjusted to 2.5 S/m, 4 S/m and 5.2 S/m, respectively.
Potentiodynamic Polarization Test
The potentiodynamic polarization curves of copper alloy, uncoated carbon steel and coated carbon steel were measured on electrochemical workstation by a three-electrode system, and the medium was NaCl solution with different conductivities. The working electrode was encapsulated by epoxy resin, and the size of sample is ϕ 1.1 cm × 1 cm, so the exposed area of metal is 1.0 cm 2 . Before the tests, the specimens were abraded with wet SiC paper (initially 220, 600 and 1000 grades), rinsed with acetone and ethanol and finally dried with pure nitrogen gas [11] . The changes of polarization curves of carbon steel and copper alloy under different seawater conductivity are very small, and the self-corrosion potential is about −0.7 V and −0.2 V, respectively. Carbon steel and copper alloy form galvanic corrosion in seawater; moreover, the oxidation of iron occurs on the surface of carbon steel due to anodic polarization and the oxygen reduction reaction occurs on the surface of the copper alloy due to cathodic polarization. Since the oxygen reduction reaction is affected by diffusion rate of oxygen molecules in seawater, the cathodic polarization current density of copper alloy has a limited value corresponding to the vertical portion of polarization curve. The equilibrium potential of coated carbon steel in seawater is about −0.8 V, and the current density at different potentials is much smaller than the polarization current density of carbon steel and copper alloy. Therefore, the surface of well-coated ship is considered an insulation boundary condition in some literatures [11, 15] . One of the positive sources represents corrosion current generated by damage, and the other positive source represents corrosion current generated by coating hull. Although Fig. 3(b) shows that anodic polarization current of coated carbon steel is very small, the coating area is much larger than the area of damage and propeller, so the current generated by coating hull cannot be ignored. The negative source indicates that corrosion current generated by damage and coating hull flows to propeller together.
In order to more intuitively analyze the distribution of underwater electric field, a path was selected under the submarine for observation, and the three components and modulus of electric field were maximum value of electric field modulus is 1.02 × 10 −4 V/m. When conductivity increases to 4 S/m and 5.2 S/m, the maximum value of electric field modulus is reduced to 7.16 × 10 −5 V/m (30% decrease) and 4.37 × 10 −5 V/m (57% decrease), respectively. The influence of seawater conductivity on corrosion electric field mainly has the following two reasons. On the one hand, when conductivity increases, the current density in seawater increases if the potential difference of ship hull remains constant, but the magnitude of increase in conductivity is greater than in current density. It is known from Equation (15) that the electric field intensity is reduced. On the other hand, the oxygen concentration in seawater decreases when conductivity increases, and the ultimate diffusion current density of oxygen reduction is:
where n is the number of transferred electrons in the oxygen reduction reaction, D O2 (m 2 /s) the diffusion coefficient of oxygen in seawater, C O2 (ml/L) the dissolved concentration of oxygen in seawater, and l (m) the thickness of the oxygen diffusion layer on electrode surface. Therefore, the corrosion electric field intensity decreases with the increase of seawater conductivity, which is consistent with the simulation results in this paper.
Comparison with Electric Dipole Model
In order to verify the accuracy of BEM model in this paper, the simulation results are compared with the results of electric dipole model. The equivalent electric dipole model for solving the corrosion electric field of ship by mirror image method [7] is shown in Fig. 8 . The figure shows the position and corresponding dipole moment of all dipole after the original dipole and mirror dipole are mirrored twice by the air-seawater and seawater-seabed interface. The potential that is generated by horizontal DC dipole I x d l located in seawater of (x 0 , y 0 , z 0 ) at (x, y, z) is equivalent to the superposition of potential generated by the source and its numerous mirror dipoles formed through two interfaces at the field point. Therefore, the potential at field point (x, y, z) is expressed as:
where
; σ 1 and σ 2 are conductivities of seawater and seabed, respectively; (18): In the simulation results of the two models, the electric field values of x-component, y-component and modulus are relatively close, and the error is basically about 10%, which is within the acceptable error range. However, the error of z-component is obvious, and the errors of two methods reach 37.90%, 59.20% and 24.89% when the conductivities are 2.5 S/m, 4 S/m and 5.2 S/m, respectively. The reason for the obvious error of the two models on z-component may be that the entire infinite space region was set to sea area without considering the influence of seabed on electric field in BEM model, while the three layers medium of air, seawater and seabed was considered in electric dipole model. Since seabed conductivity is much smaller than seawater conductivity, the presence of seabed weakens the z-component [10, 21] . Therefore, the zcomponent obtained by BEM model is larger than the z-component of electric dipole model, which is consistent with the simulation results.
The results obtained by boundary element method have high similarity in the maximum absolute values of electric field compared with the electric dipole model. Furthermore, the former has two obvious advantages. On the one hand, the simulation results of BEM can better reflect the distribution characteristics of corrosion electric field. Only the positive charge source at damage and the negative charge source at propeller are considered to constitute the electric dipole but not including positive charge source generated by coating hull in electric dipole model. However, the influence of the positive charge source on the distribution of corrosion electric field cannot be neglected, which has been discussed in Subsection 4.1. Moreover, the electric field plane distribution obtained by BEM (Fig. 4, Fig. 5 and Fig. 6) shows the existence of a positive charge source. Fig. 10 shows the distribution of electric field x-component on the observation path obtained by two methods when seawater conductivity is 4 S/m. The result obtained by BEM reflects the influence of positive charge source generated by coating hull on electric field distribution. Furthermore, the peak of electric field moves about 9.5 m toward the bow due to the existence of positive charge source. On the other hand, the BEM is more convenient and concise. An important parameter called as electric dipole moment is indispensable when using electric dipole model to simulate the ship's corrosion electric field distribution. It is mainly obtained through experience and literature; moreover, it will change significantly when the area and position of damage undergo changes (the area affects I x , and the position affects d − → l ). At this time, it is difficult to accurately obtain the corresponding electric dipole moment that affects the calculation accuracy of corrosion electric field directly. However, it only simply alters the size and position of damage in physical model by BEM.
CONCLUSIONS
In this paper, the three-dimensional boundary element method is employed to simulate the corrosion electrostatic field distribution of ship, and the influence of seawater conductivity on corrosion electric field is studied. The electric field distribution is only slightly influenced by conductivity of seawater; however, the electric field intensity decreases as seawater conductivity increases, which can be explained by Equations (15) and (16) . The simulation results of BEM model and electric dipole model were compared, and the error of x-component, y-component and modulus were about 10%. Since the influence of seabed was not considered in BEM model, the simulation result of z-component is too large compared to electric dipole model. The BEM modeling was proved to have validity for predicting the corrosion electric field distribution of submarine in marine environments. Moreover, it is a more convenient and concise modeling method that can better reflect the distribution characteristics of ship's corrosion electric field than the electric dipole model. In future research, we intend to develop a seabed physical model in the BEM to simulate the influence of seabed on corrosion electric field, which is expected to reduce the error of electric field z-component.
